Summary The karyotypes of 50 plants of Paris tetraphylla were analyzed by observing the Cbanded segment patterns of chromosomes in Miike (Mi), Kunimi (Kn) and Kikuchi (Kk) populations in Kumamoto Prefecture of Kyushu. Various karyotypes were observed in each population, i.e., 49 different karyotypes in Mi, 50 in Kn and 38 in Kk. The karyotypes tended to be heterozygous for most of the homologous chromosome pairs. This indicated that the karyotypic structure of the populations may be maintained mainly by random crossing. Nevertheless, the frequencies of karyotypes homozygous for all chromosome pairs were higher than the expected values, which were calculated using random combinations of homo-and heterozygous pairs in respective populations. Moreover, in most of the chromosomes composing the genome, the observed frequencies of homozygous pairs were significantly higher than the expected ones, which were calculated randomly based on the observed frequencies of different chromosome types in each population. The inbreeding coefficients (f) indicated that a low degree of inbreeding occurred in the natural conditions. The pollination tests indicated that the species was both self-and cross-compatible and fertilized by predominant crossand inferior self-pollination. This was supported by the collection of air-born pollen grains in the population. In the conclusion, the populations of P tetraphylla were maintained predominantly by random breeding with a low degree of simultaneous inbreeding.
Paris tetraphylla A. Gray (Liliaceae) is a perennial herb widely distributed in Japan (Kitamura et al. 1987) . This species usually grows in the broad-leaved deciduous forest, but rarely in grasslands and so on. The plants have a diploid chromosome number of 2n= 2x=10 which is composed of five pairs of the chromosomes A, B, C, D and E (Haga 1934, Uchino and Wang 1996) . Each chromosome was found to be highly polymorphic with respect to the patterns of C-banded segments (Miyamoto and Kurita 1990 , Uchino and Wang 1996 , 1997 . The different C-banded types of chromosome were designated by numbering, and 30 types were distinguished in chromosomes A to E in previous studies (Miyamoto and Kurita 1990, Uchino and Wang 1997) . Recently, the detailed features of C-banded chromosomal polymorphism were investigated in four natural populations in Kumamoto Prefecture of Kyushu; Miike (Mi), Kunimi (Kn), Kikuchi (Kk) and Aso (As) (Uchino and Wang 1997) . In each population, various C-banded chromosome types were found in chromosomes A to E. The patterns of various C-banded types were different among the populations that grew in different environmental conditions including vegetation, but similar among the populations growing similar environmental conditions. Thus, it is considered that different C-banded types of chromosomes distribute according to adaptability to environmental conditions including vegetation among the populations, i.e., Mi (broad-leaved deciduous forest), Kn (broad-leaved deciduous forest), Kk (evergreen-deciduous mixed forest) and As (grassland).
The purpose of the present paper is to elucidate the cytogenetic structure of the C-banded karyotypes in three of the four natural populations (Mi, Kn and Kk) mentioned above. Furthermore, the breeding system was investigated in relation to the cytogenetic structure of the populations.
Materials and methods
The plants and a part of the observational data are the same as those used in the preceding paper (Uchino and Wang 1997) . Briefly, flowering plants of Paris tetraphylla A. Gray were collected from three populations of Miike (Mi), Kunimi (Kn) and Kikuchi (Kk) in Kumamoto Prefecture of Kyushu. The location and environmental conditions of these populations were described in the preceding paper (loc. cit.). Karyotypes of 50 plants in each population were analyzed for the patterns of C-banded segments in chromosomes of ovular tissues. Cytological analyses were performed according to the method described in the previous paper (Uchino and Wang 1996) . Moreover, different chromosome types caused by the patterns of C-banded segments were numbered according to Uchino and Wang (1997) , Al to A5 in chromosome A, B1 to B5 in B, Cl to C3 in C, D1 to D4 in D, and El to E4 in E.
Pollination tests were carried out in early May. Flowers prior to dehiscence of the anthers were used for four kinds of tests: (1) flowers were left intact for open-pollination as a control. (2) flowers were covered several times with a net of fine mesh to prevent contamination by air-born pollen and insect-carried pollen from other flowers (self-pollination). (3) flowers were castrated and left to open-pollination (cross-pollination). (4) flowers were castrated and netted to prevent insect-carried pollen from other flowers (cross-pollination by air-born pollen). To validate compatibility, artificial self-and cross-pollination were also tested in the Kn population. The fruits developed from pollination tested flowers were collected in mid-August, and the seeds in each fruit were counted to calculate the seed setting rates. Furthermore, air-born pollen grains were collected on glycerin smeared slide-glasses in an area of ca. 8 X 10 m in Kn. The slides were fixed horizontally ca. 20 cm above the ground and left sparsely in the population for 4 hr during flowering in early May 1994. No. 37 (class 5) . No karyotype for five heterozygous pairs (class 6) was observed. In each class, the observed and expected value of frequencies were different except for the case of class 2.
Frequencies of homo-and heterozygous pairs of homologous chromosomes
Based on the observed frequencies of different chromosome types, the frequencies of homozygous pairs were calculated by random combination (Table 4 ). The observed values were larger than the expected ones in each chromosomes except for chromosomes A and D in Kn and chromosome A in Kk. The chi-square tests (x2-test) for the observed and the expected values of homologous pairs of chromosomes showed a significant difference in each population; p<0.001 in Mi, 0.40< p<0.50 in Kn, and 0.001<p<0.01 in Kk, respectively (Table 5) .
Pollination mechanism disclosed experimentally Flowers ripened into fully developed plump fruits by mid-August. Fertilized ovules developed to seeds with brown seed coats. Non-fertilized ovules failed to developed beyond their initial size and were colorless. The development of endosperm tissue of the former rendered them very hard. Abortive seeds were smaller than the normal ones in size and were easily crushed by slight pressure. In the following, the term "abortives" refers to both non-fertilized ovules and aborted seeds. The pollination tests were carried out in Mi, Kn and Kk populations, respectively (Table 6 ). In the Mi population, the seed setting rate (percentage of good seeds/total ovules) of pollination tests varied widely among flowers in 1996 and 1997. In 18 intact flowers, the number of ovules in an ovary had a wide range from 1 to 29. The number of good seeds and abortives ranged from 0 to 29 and from 1 to 28 in 1996 and 1997, respectively. High seed setting rate of 86.70% was found in Plant No. 0-I. In contrast, 0% was observed in Plant No. 0-F, 0-7 etc. The mean value of the seed setting rate of 18 fruits was 3 8.02%. In the fruits from netted flowers (self-pollination), the seed set- Table 3 . Chromosome constitution of 50 plants from Kikuchi (Kk) population of P. tetraphylla ting rate was very low, 0.09% in 11 fruits. The results from castrated flowers (cross-pollination) were similar to that of intact flowers, where the seed setting rate also ranged from 0 to 80%. The mean value of the seed setting rate was 26.39% in 10 fruits. No developed seeds were obtained from castrated and netted flowers (cross-pollination by air-born pollen). In the Kn population, the number of ovules per ovary varied widely from 1 to 35, and the mean number was 8.48 ±4.70. The mean seed setting rate was 62.86% in nine fruits from intact flowers, and 12.50% in two fruits from netted flowers. Only one fruit from a castrated flower exhibited 93.33% good seeds. A wide variation was also observed in the seed setting rate of five fruits from intact flowers in the Kk population. The mean value of the seed setting rate was 54.55%.
To validated compatibility, artificial self-and cross-pollination tests were carried out in the Kn population. One of two fruits developed from self-pollinated flowers had one good seed and 14 abortives, and the another fruit had 14 good seeds and no abortives. In two fruits from cross-pollinated flowers, one fruit had 10 good seeds and 11 abortives. The other fruit, however, had no good seeds. 
Discussion
The C-banded karyotypes of P tetraphylla were different from plant to plant in each population, i.e., 49 different kinds of karyotype were found in Mi, 50 in Kn, and 38 in Kk among 50 constituent plants. Moreover, most karyotypes were heterozygous for one to five pairs of homologous chromosomes. This condition may suggest random breeding of this species. It has been reported that the karyotypes of constituent individuals tended to differ from one another in Trillium kamtchaticum and T apetalon, which are closely related to Paris (Narise 1956 , Haga 1969 , Kayano and Watanabe 1970 , Haga et al. 1984 Kanazawa 1988). The chromosomes of Trillium were highly polymorphic with respect to the patterns of cold-sensitive H-segments. In the T apetalon population, most of the karyotypes were homozygous for all pairs of homologous chromosomes. Thus, it was concluded that the populations had been maintained predominantly by self-pollination (Uchino et al. 1986 , 1987 , Uchino and Kanazawa 1988 . On the other hand, in the T kamtschaticum populations, most of the constituent individuals were heterozygous karyotypes which were different from other plants. It has been considered that the population structure is a result of random breeding (Narise 1956 , Haga 1969 , Kayano and Watanabe 1970 . In P tetraphylla, however, the frequencies of homozygous karyotype (class 1) in each population were observed to be higher than the expected ones, which were calculated randomly based on the frequencies of various chromosome pairs in respective populations. For example, the observed frequency of homozygous karyotypes in the Mi population was 10, but the expected one was 3.07. In most of the chromosomes of each population, the observed frequencies of homozygous pairs were significantly higher than the expected ones, which were calculated randomly based on the observed frequencies of different chromosome types. These conditions may suggest that frequent inbreeding occurs in addition to outbreeding in each population. We tried to estimate the degree of inbreeding in the populations by using Wright's inbreeding coefficient (f). The f value was calculated according to the following formula, which is a modification of that described by Fukuda (1967 Fukuda ( , 1989 and Wang (1996) : Table 7 . Frequencies of aerial pollen grains of P. tetraphylla in Kn population (1994) Obs. indicates the observed frequency of homozygous pairs, p 17 the frequency of the jth chromosome type of the ith chromosome, M the number of chromosome types and N the number of chromosomes in a genomic set. The f value was 0.27 in Mi population, 0.04 in Kn and 0.18 in Kk . In the random breeding populations of T kamtchaticum and Clarkia exilis, the f value was lower than 0.1 (Fukuda 1967, Vasek and Harding 1976) . The high inbreeding population of T kamtchaticum , on the other hand, had f=0.427 (Fukuda 1967) , and the predominant selfing populations of T apetalon and T tschonoskii had f= ca. 1 which were calculated by using the previous data (Haga et al. 1984 , Uchino 1980 , 1985 . The cytogenetic structure of P. tetraphylla populations, thus, must be maintained by predominant random breeding and some inbreeding, both of which are variable among populations. The results of pollination tests indicated that P tetraphylla was both self-and cross-compatible and was fertilized by cross-and self-pollination. The seed setting rate of castrated flowers (26.39%) tended to be higher than that of netted-flowers (0.09%) in the Mi population, although the seed setting rates of each test varied widely from very low to very high values. The mean number of airborn pollen grains was 22.6 in an area of 22 X 22 mm for 4 hr in the Kk population. The mean number of stigmas in a flower was four and the size of stigma was about 11.88 mm2. Thus, the number of air-born pollen grains collected per stigma was estimated to be 1.4 per hr. This number may be efficient enough for the fertilization of ovules. The P/O ratio (number of pollen grains/ovules) of this species is around 2400. This ratio may indicate that the breeding system of this species was intermediate between facultative xenogamy and xenogamy according to the classification of Cruden (1977) and Cruden and Lyon (1989) . This means that the plants outbreed if pollinators are present, but would be self-breeding in their absence. In fact, the stigmas curved and approached the stamen in the late-flowering phase. This implied that compensational selfing occurred when pollination by the pollen grains of other flowers was not possible.
In earlier studies, it was found that vegetative apomixis occurred as a natural condition of this species (Kurabayashi and Samejima 1953) . On the other hand, Miyamoto and Kurita (1990) showed that vegetative reproduction or self-fertilization might be predominant in one population, while cross-fertilization was the main breeding system in other populations based on an analyses of the Cbanded karyotypic structure. In our observations, however, it seems that no vegetative propagation occurred in any populations. Our results indicated this species propagated by predominant random breeding with low degree of inbreeding, but the breeding system may require a more detailed investigation.
